Observations of Λ<sub>b</sub> <sup>0</sup> → ΛK<sup>+</sup>π<sup>−</sup> and Λ<sub>b</sub> <sup>0</sup> → ΛK<sup>+</sup> K<sup>−</sup> decays and searches for other Λ<sub>b</sub> <sup>0</sup> and Ξ<sub>b</sub> <sup>0</sup> decays to Λh<sup>+</sup> h′<sup>−</sup> final states by 
 
 
University of Birmingham
Observations of b
                        0  K+ and b
                        0  K+ K decays and searches for other
b
                        0 and b
                        0 decays to h+ h final states
LHCb Collaboration
DOI:
10.1007/JHEP05(2016)081
License:
Creative Commons: Attribution (CC BY)
Document Version
Publisher's PDF, also known as Version of record
Citation for published version (Harvard):
LHCb Collaboration 2016, 'Observations of b
0
  K+ and b
0
  K+ K decays and searches for other b
0
 and b
0
decays to h+ h final states', Journal of High Energy Physics, vol. 2016, no. 5, 81.
https://doi.org/10.1007/JHEP05(2016)081
Link to publication on Research at Birmingham portal
Publisher Rights Statement:
checked on 18/1/19
General rights
Unless a licence is specified above, all rights (including copyright and moral rights) in this document are retained by the authors and/or the
copyright holders. The express permission of the copyright holder must be obtained for any use of this material other than for purposes
permitted by law.
•	Users may freely distribute the URL that is used to identify this publication.
•	Users may download and/or print one copy of the publication from the University of Birmingham research portal for the purpose of private
study or non-commercial research.
•	User may use extracts from the document in line with the concept of ‘fair dealing’ under the Copyright, Designs and Patents Act 1988 (?)
•	Users may not further distribute the material nor use it for the purposes of commercial gain.
Where a licence is displayed above, please note the terms and conditions of the licence govern your use of this document.
When citing, please reference the published version.
Take down policy
While the University of Birmingham exercises care and attention in making items available there are rare occasions when an item has been
uploaded in error or has been deemed to be commercially or otherwise sensitive.
If you believe that this is the case for this document, please contact UBIRA@lists.bham.ac.uk providing details and we will remove access to
the work immediately and investigate.
Download date: 01. Mar. 2020
J
H
E
P
0
5
(
2
0
1
6
)
0
8
1
Published for SISSA by Springer
Received: March 2, 2016
Revised: April 12, 2016
Accepted: April 28, 2016
Published: May 13, 2016
Observations of 0b ! K+  and 0b ! K+K 
decays and searches for other 0b and 
0
b decays to
h+h0  nal states
The LHCb collaboration
E-mail: daniel.ohanlon@cern.ch
Abstract: A search is performed for the charmless three-body decays of the 0b and 
0
b
baryons to the nal states h+h0 , where h(0) =  or K. The analysis is based on a data
sample, corresponding to an integrated luminosity of 3 fb 1 of pp collisions, collected by
the LHCb experiment. The 0b ! K+  and 0b ! K+K  decays are observed for
the rst time and their branching fractions and CP asymmetry parameters are measured.
Evidence is seen for the 0b ! +  decay and limits are set on the branching fractions
of 0b baryon decays to the h
+h0  nal states.
Keywords: Branching fraction, CP violation, Flavor physics, Rare decay, Hadron-Hadron
scattering (experiments)
ArXiv ePrint: 1603.00413
Open Access, Copyright CERN,
for the benet of the LHCb Collaboration.
Article funded by SCOAP3.
doi:10.1007/JHEP05(2016)081
J
H
E
P
0
5
(
2
0
1
6
)
0
8
1
Contents
1 Introduction 1
2 Detector and dataset 2
3 Selection requirements and eciency modelling 3
4 Fit model and results 5
5 Systematic uncertainties 9
6 Branching fraction results 10
7 CP asymmetry measurements 11
8 Conclusions 13
The LHCb collaboration 17
1 Introduction
The availability of large samples of high energy pp collision data has allowed signicant
improvements in the experimental studies of b baryons. The masses and lifetimes of the
0b , 
0
b and 
 
b particles are all now known to within a few percent or better [1{5], and
excited 0b and b baryons have been discovered [6{8]. However, relatively few decay
modes of the b baryons have yet been studied. In particular, among the possible charmless
hadronic nal states, only the two-body 0b ! pK  and 0b ! p  decays [9], the quasi-
two-body 0b !  decay [10] and the three-body 0b ! K0Sp  decay [11] have been
observed, while evidence has been reported for the 0b !  decay [12]. No decay of a b
baryon to a charmless nal state has yet been observed. Such decays are of great interest as
they proceed either by tree-level decays involving the Cabibbo-Kobayashi-Maskawa [13, 14]
matrix element Vub or by loop-induced amplitudes, and they are consequently expected to
have suppressed decay rates in the Standard Model. Their study may also provide insights
into the mechanisms of hadronisation in b baryon decays. Moreover, charmless hadronic
b baryon decays provide interesting possibilities to search for CP violation eects, as have
been seen in the corresponding B meson decays [15{19].
In this paper, a search is reported for charmless decays of the 0b and 
0
b baryons to the
nal states + , K and K+K . The inclusion of charge conjugate processes is
implied throughout, except where the determination of asymmetries is discussed. Interme-
diate states containing charmed hadrons are excluded from the signal sample and studied
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separately: transitions involving a +c ! + decay are used as a control sample and to
normalise the measured branching fractions, and those with +c ! K+ decays provide
cross-checks of the analysis procedure. In all cases the  baryon is reconstructed in the
p  nal state. Although b baryon decays to the K+  and K + nal states can
be distinguished through correlation of the proton and kaon charges, they are combined
together in the K sample to improve the stability of the t to the mass spectra.
The 0b ! K+  and 0b ! K + decays are expected to dominate over the modes
with swapped kaon and pion charges, and therefore the results are presented assuming the
suppressed contribution is negligible, as is commonly done in similar cases [16, 17, 20, 21].
No previous experimental information exists on the charmless hadronic decays being
studied; theoretical predictions for the branching fraction of the 0b ! +  decay are
in the range 10 9{10 7 [22{24].
The paper is organised as follows. A description of the LHCb detector and the dataset
used for the analysis is given in section 2. The selection algorithms, the method to de-
termine signal yields, and the systematic uncertainties on the results are discussed in sec-
tions 3{5. The measured branching fractions are presented in section 6. Since signicant
signals are observed for the 0b ! K+  and 0b ! K+K  channels, measurements
of the phase-space integrated CP asymmetry parameters of these modes are reported in
section 7. Conclusions are given in section 8.
2 Detector and dataset
The analysis is based on pp collision data collected with the LHCb detector, corresponding
to 1:0 fb 1 at a centre of mass energy of 7 TeV in 2011, and 2:0 fb 1 at a centre of mass
energy of 8 TeV in 2012. The LHCb detector [25, 26] is a single-arm forward spectrometer
covering the pseudorapidity range 2 <  < 5, designed for the study of particles containing
b or c quarks. The detector includes a high-precision tracking system consisting of a
silicon-strip vertex detector surrounding the pp interaction region, a large-area silicon-
strip detector located upstream of a dipole magnet with a bending power of about 4 Tm,
and three stations of silicon-strip detectors and straw drift tubes placed downstream of
the magnet. The tracking system provides a measurement of momentum, p, of charged
particles with a relative uncertainty that varies from 0.5% at low momentum to 1.0% at
200 GeV=c. The minimum distance of a track to a primary vertex, the impact parameter
(IP), is measured with a resolution of (15 + 29=pT)m, where pT is the component of
the momentum transverse to the beam, in GeV=c. Dierent types of charged hadrons
are distinguished using information from two ring-imaging Cherenkov detectors. Photons,
electrons and hadrons are identied by a calorimeter system consisting of scintillating-
pad and preshower detectors, an electromagnetic calorimeter and a hadronic calorimeter.
Muons are identied by a system composed of alternating layers of iron and multiwire
proportional chambers.
The online event selection is performed by a trigger [27, 28], which consists of a hard-
ware stage, based on information from the calorimeter and muon systems, followed by a
software stage, in which all charged particles with pT > 500 (300) MeV=c are reconstructed
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for 2011 (2012) data. At the hardware trigger stage, events are required to have a muon
with high pT or a hadron, photon or electron with high transverse energy in the calorime-
ters. For hadrons, the transverse energy threshold is 3.5 GeV. The software trigger requires
a two-, three- or four-track secondary vertex with signicant displacement from the pri-
mary pp interaction vertices (PVs). At least one charged particle must have transverse
momentum pT > 1:7 GeV=c and be inconsistent with originating from any PV. A multi-
variate algorithm [29] is used for the identication of secondary vertices consistent with
the decay of a b hadron.
The eciency with which the software trigger selected the signal modes varied during
the data-taking period, for reasons that are related to the reconstruction of the long-lived
 baryon. Such decays are reconstructed in two dierent categories, the rst involving
 particles that decay early enough for the produced particles to be reconstructed in the
vertex detector, and the second containing  baryons that decay later such that track
segments cannot be formed in the vertex detector. These categories are referred to as long
and downstream, respectively. During 2011, downstream tracks were not reconstructed in
the software trigger. Such tracks were included in the trigger logic during 2012 data-taking;
however, a signicant improvement in the algorithms was implemented during a technical
stop period. Consequently, the data are subdivided into three data-taking periods (2011,
2012a and 2012b) as well as the two reconstruction categories (long and downstream). The
2012b sample has the best trigger eciency, especially in the downstream category, and
is also the largest sample, corresponding to 1:4 fb 1. The long category has better mass,
momentum and vertex resolution than the downstream category.
Simulated data samples are used to study the response of the detector and to investi-
gate certain categories of background. In the simulation, pp collisions are generated using
Pythia [30, 31] with a specic LHCb conguration [32]. Decays of hadronic particles are
described by EvtGen [33], in which nal-state radiation is generated using Photos [34].
The interaction of the generated particles with the detector, and its response, are imple-
mented using the Geant4 toolkit [35, 36] as described in ref. [37].
3 Selection requirements and eciency modelling
The selection exploits the topology of the three-body decay and the b baryon kinematic
properties, rst in a preselection stage, with minimal eect on signal eciency, and subse-
quently in a multivariate classier. Each b baryon candidate is reconstructed by combining
two oppositely charged tracks with a  candidate. The  decay products are both required
to have momentum greater than 2 GeV=c and to form a vertex with low 2vtx.
In addition, the tracks must not be associated with any PV as quantied by the 2IP
variable, dened as the dierence in 2 of a given PV reconstructed with and without the
considered track.
The track pair must satisfy jm(p )  mj < 20 (15) MeV=c2 for downstream (long)
candidates, where m is the known  mass [38]. The  candidate is associated to the PV
which gives the smallest 2IP, and signicant vertex separation is ensured with a requirement
on 2VS, the square of the separation distance between the  vertex and the associated
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PV divided by its uncertainty. A loose particle identication (PID) requirement, based
primarily on information from the ring-imaging Cherenkov detectors, is imposed on the
proton candidate to remove background from K0S decays. For downstream  candidates
p > 8 GeV=c is also required.
The scalar sum of the transverse momenta of the  candidate and the two h+h0  tracks
is required to be greater than 3 GeV=c (4:2 GeV=c for downstream candidates).
The IP of the charged track with the largest pT is required to be greater than 0:05 mm.
The minimum, for any pair from (; h+; h0 ), of the square of the distance of closest
approach divided by its uncertainty must be less than 5. The b baryon candidate must have
a good quality vertex, be signicantly displaced from the PV, and have pT > 1:5 GeV=c.
Furthermore, it must have low values of both 2IP and pointing angle (i.e. the angle between
the b baryon momentum vector and the line joining its production and decay vertices),
which ensure that it points back to the PV. Additionally, the  and b baryon candidate
vertices must be separated by at least 30 mm along the beam direction. The candidates are
separated with PID criteria (discussed below) into the three dierent nal states: + ,
K and K+K . Candidates where any of the tracks is identied as a muon are
rejected; this removes backgrounds resulting from semimuonic b baryon decays, J= !
+  decays, or 0b ! +  decays [39]. Decays involving intermediate +c baryons are
removed from the signal sample with a veto that is applied within 30 MeV=c2 of the known
+c mass [38]; in the case of 
+
c ! + however, these candidates are retained and used as
a control sample. A similar veto window is applied around the +c mass, and backgrounds
from the 0b ! D0 decay with D0 ! h+h0  are also removed with a 30 MeV=c2 window
around the known D0 mass.
The b baryon candidates are required to have invariant mass within the range 5300 <
m(h+h0 ) < 6100 MeV=c2, when reconstructed with the appropriate mass hypothesis for
the h+ and h0  tracks. To avoid potential biases during the selection optimisation, regions
of 50 MeV=c2, to be compared to the typical resolution of 15 MeV=c2, around both the 0b
and 0b masses were not examined until the selection criteria were established.
Further separation of signal from combinatorial background candidates is achieved
with a boosted decision tree (BDT) multivariate classier [40, 41]. The BDT is trained
using a simulated 0b ! +  signal sample and data from the sideband region 5838 <
m(+ ) < 6100 MeV=c2 for the background. To prevent bias, each sample is split into
two disjoint subsets and two separate classiers are each trained and evaluated on dierent
subsets, such that events used to train one BDT are classied using the other.
The set of input variables is chosen to optimise the performance of the algorithm, and
to minimise variation of the eciency across the phase space. The input variables for the
BDTs are: pT, , 
2
IP, 
2
VS, pointing angle and 
2
vtx of the b baryon candidate; the sum of
the 2IP values of the h
+ and h0  tracks; and the 2IP, 
2
VS and 
2
vtx of the  candidate.
Separate BDT classiers are trained for each data-taking period and for the downstream
and long categories.
The optimal BDT and PID cut values are determined separately for each subsample
by optimising the gure of merit sig=

a
2 +
p
B

[42], where a = 5 quanties the target
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level of signicance in units of standard deviations (), sig is the eciency of the signal
selection determined from simulated events, and B is the expected number of background
events in the signal region, which is estimated by extrapolating the result of a t to the
invariant mass distribution of the data sidebands. In the optimisation of the PID criteria,
possible cross-feed backgrounds from misidentied decays to the other signal nal states
are also considered; their relative rates are obtained from data using the control modes
containing +c decays. The optimised BDT requirements typically have signal eciencies
of around 50 % whilst rejecting over 90 % of the combinatorial background. The optimised
PID requirements have eciencies around 60 % and reject over 95 % (80 %) of  ! K
(K ! ) cross-feed. If more than one candidate is selected in any event, one is chosen at
random and all others discarded | this occurs in less than 2 % of selected events.
The eciency of the selection requirements is studied using simulated events and, for
the PID requirements, high-yield data control samples of D0 ! K + and  ! p 
decays [43]. A multibody decay can in general proceed through intermediate states as well
as through nonresonant amplitudes. It is therefore necessary to model the variation of
the eciency, and to account for the distribution of signal events, over the phase space
of the decay. This is achieved, in a similar way as done for previous studies of b baryon
decays [11, 44, 45], by factorising the eciency into a two-dimensional function of vari-
ables that describe the Dalitz plot [46] and three one-dimensional functions for the angular
variables. Simulated events are binned in these variables in order to determine the se-
lection eciencies. If no signicant b baryon signal is seen, the eciency corresponding
to a uniform phase-space distribution is used, and a systematic uncertainty is assigned to
account for the variation across the phase space. For modes with a signicant yield, the
distribution in the phase space is obtained with the sPlot technique [47] with the b baryon
candidate invariant mass used as the control variable, and the eciency corresponding to
the observed distribution is used.
4 Fit model and results
All signal and background yields, as well as the yields of 0b ! +c h  decays, are de-
termined using a single simultaneous unbinned extended maximum likelihood t to the b
baryon candidate invariant mass distributions for each nal state in the six subsamples,
which correspond to the three data-taking periods and two reconstruction categories. The
probability density function (PDF) in each invariant mass distribution is dened as the
sum of components accounting for signals, cross-feed contributions, combinatorial back-
ground and other backgrounds. Fitting the subsamples simultaneously allows the use of
common shape parameters, while tting the dierent nal states simultaneously facilitates
the imposition of constraints on the level of cross-feed backgrounds.
Signal PDFs are known to have asymmetric tails that result from a combination of
the eects of nal-state radiation and stochastic tracking imperfections. The signal mass
distributions are each modelled by the sum of two Crystal Ball (CB) functions [48] with
a common mean and tails on opposite sides, where the high-mass tail accounts for non-
Gaussian reconstruction eects. The peak positions and overall widths of the CB functions
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are free parameters of the t to data, while other shape parameters are determined from
simulated samples, separately for each subsample, and are xed in the t to data.
Cross-feed backgrounds are also modelled by the sum of two CB functions. The shape
parameters are determined from simulation, separately for each subsample, and calibrated
with the high-yield data control samples to account for the eects of the PID criteria. In
the t to data, the misidentication rates are constrained to be consistent with expectation.
An exponential function is used to describe the combinatorial background, the yield of
which is treated as independent for each subsample. The shape parameter is taken to be
the same for all data-taking periods, independently for each nal state and reconstruction
category. In addition, components are included to account for possible backgrounds from b
baryon decays giving the same nal state but with an extra soft (low energy) particle that
is not reconstructed; examples include the photon that arises from 0 !  decay and
the neutral pion in the K+ ! K+0 decay. Such partially reconstructed backgrounds
are modelled by a generalised ARGUS function [49] convolved with a Gaussian function,
except in the case of the 0b ! (+)+c   control mode where a nonparametric den-
sity estimate is used. The shape parameters are determined from simulation, separately
for the two reconstruction categories but for the data-taking periods combined, and are
xed in the t to data; however, the yield of each partially reconstructed background is
unconstrained in the t.
In order to limit the number of free parameters in the t, several additional constraints
are imposed. The yield of each cross-feed contribution is constrained within uncertainty to
the yield of the corresponding correctly reconstructed decay multiplied by the appropriate
misidentication rate. The peak value of the signal shape is xed to be the same for all 0b
decays, and the dierence in peak values for 0b and 
0
b decays is xed to the known mass
dierence [4]. The widths of the signal shapes dier only between the two reconstruction
categories, with a small correction factor, obtained from simulation, applied for the control
channel modes with an intermediate +c decay.
In the K+K  nal state, little or no background is expected in the 0b signal region.
Since likelihood ts cannot give reliable results if there are neither signal nor background
candidates, the signal yields for 0b ! K+K  decays in the long reconstruction category
are constrained to be non-negative. All other signal yields are unconstrained. The t model
and its stability are validated with ensembles of pseudoexperiments that are generated
according to the t model, with yields allowed to uctuate around their expected values
according to Poisson statistics. No signicant bias is found.
The results of the t to data are given in table 1 and shown, for all subsamples
combined, in gure 1 for the 0b ! (+)+c   control mode and the +  signal nal
state, and in gure 2 for the K and K+K  signal nal states. The expected yield
of misidentied 0b ! +  decays in the 0b ! K+  spectrum is 2:9  0:7; that of
0b ! K+  decays in the 0b ! K+K  spectrum is 3:2  0:5; that of 0b ! K+ 
decays in the 0b ! +  spectrum is 14:0  2:0; and that of 0b ! K+K  decays in
the 0b ! K+  spectrum is 35:3 2:8. All other cross-feed contributions are negligible.
The statistical signicances of the 0b ! + , 0b ! K+ , and 0b ! K+K 
decays, estimated from the change in log-likelihood between ts with and without these
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Mode Run period Yield
0b 
0
b
downstream long downstream long
2011 10:2 5:5 8:7 4:7  0:6 2:4 4:9 3:2
+  2012a 9:1 5:2 13:6 5:7 5:3 3:6 1:0 2:6
2012b 17:2 7:1 6:2 4:6 3:9 4:0 4:1 2:7
Total 65 14 19 8
2011 20:9 6:4 8:2 3:5 3:5 3:7  0:7 2:4
K 2012a 9:3 3:7 1:7 3:6  0:1 1:7 0:3 1:5
2012b 39:7 8:9 16:9 5:1 2:9 4:5  1:8 1:5
Total 97 14 4 7
2011 32:3 6:4 20:1 4:6 0:6 2:3 0:0 0:6
K+K  2012a 22:2 5:3 15:9 4:2 0:5 2:4 0:0 0:5
2012b 60:5 8:5 34:4 6:1 3:0 2:7 0:0 0:6
Total 185 15 4 4
2011 78:1 9:1 78:9 9:2
(+)+c 
  2012a 45:0 7:0 63:0 8:3
2012b 115:3 11:1 90:7 9:8
Total 471 22
Table 1. Signal yields for the 0b and 
0
b decay modes under investigation. The totals are simple
sums and are not used in the analysis.
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Figure 1. Results of the t for the (left) 0b ! (+)+c   control mode and (right) + 
signal nal states, for all subsamples combined. Superimposed on the data are the total result of
the t as a solid blue line, the 0b (
0
b ) decay as a short-dashed black (double dot-dashed grey) line,
cross-feed as triple dot-dashed brown lines, the combinatorial background as a long-dashed green
line, and partially reconstructed background components with either a missing neutral pion as a
dot-dashed purple line or a missing soft photon as a dotted cyan line.
signal components, are 5:2, 8:5, and 20:5 respectively. The eects of systematic
uncertainties on these values are given in section 6. The statistical signicances for all 0b
decays are less than 3 .
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Figure 2. Results of the t for the (left) K and (right) K+K  nal states, for all
subsamples combined. Superimposed on the data are the total result of the t as a solid blue
line, the 0b (
0
b ) decay as a short-dashed black (double dot-dashed grey) line, cross-feed as triple
dot-dashed brown lines, the combinatorial background as a long-dashed green line, and partially
reconstructed background components with either a missing neutral pion as a dot-dashed purple
line or a missing soft photon as a dotted cyan line.
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Figure 3. Background-subtracted and eciency-corrected Dalitz plot distributions for (left)
0b ! K+  and (right) 0b ! K+K  with data from all subsamples combined. Boxes with a
cross indicate negative values.
As signicant yields are obtained for 0b ! K+  and 0b ! K+K  decays, their
Dalitz plot distributions are obtained from data using the sPlot technique and applying
event-by-event eciency corrections based on the position of the decay in the phase space.
These distributions are used to determine the average eciencies for these channels, and
are shown in gure 3, where the negative (crossed) bins occur due to the statistical nature
of the background subtraction. The 0b ! K+K  signal seen at low m2(K+K ) is
consistent with the recent observation of the 0b !  decay [10]. Although the statistical
signicance of the 0b ! +  channel is over 5 , the uncertainty on its Dalitz plot
distribution is too large for this method of determining the average eciency to be viable.
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Fit Eciency Phase space PID Vetoes +c 
  yield Total
0b ! +  8:4 2:0 19:7 0:4 2:2 3:5 21:9
0b ! K+  1:7 11:7 | 2:9 1:3 4:6 13:1
0b ! K+K  6:7 5:4 | 4:2 2:2 15:9 18:7
0b ! +  4:1 0:7 7:0 0:1 | 1:2 8:2
0b ! +K  1:5 0:4 3:5 0:1 | 0:7 4:0
0b ! K+K  0:1 0:1 0:8 0:0 | 0:2 0:8
Table 2. Systematic uncertainties (in units of 10 3) on the branching fraction ratios reported in
section 6. The total is the sum in quadrature of all contributions.
5 Systematic uncertainties
Systematic uncertainties in the branching fraction measurements are minimised by the
choice of a normalisation channel with similar topology and nal-state particles. There are
residual uncertainties due to approximations made in the t model, imperfect knowledge
of the eciency, and the uncertainty on the normalisation channel yield. The systematic
uncertainties are evaluated separately for each subsample, with correlations taken into
account in the combination of results. A summary of the uncertainties assigned on the
combined results is given in table 2.
The systematic uncertainty from the t model is evaluated by using alternative shapes
for each of the components, for both the charmless and +c spectra. The double Crystal
Ball function used for the signal component is replaced with the sum of two Gaussian func-
tions with a common mean. The partially reconstructed background shapes are replaced
with nonparametric functions determined from simulation. The combinatorial background
model is changed from an exponential function to a second-order polynomial shape. In
addition, the eect of varying xed parameters of the model within their uncertainties is
evaluated with pseudoexperiments and added in quadrature to the t model systematic
uncertainty.
There are several sources of systematic uncertainty related to the evaluation of the
relative eciency. The rst is due to the nite size of the simulation samples, and is
determined from the eect of uctuating the eciency, within uncertainties, in each phase-
space bin. The second is determined from the variation of the eciency across the phase
space, and is relevant only for modes without a signicant signal yield. The third, from the
uncertainty on the kinematical agreement between the signal mode and the PID control
modes, is determined by varying the binning of these control samples. Finally, the eects
of the vetoes applied to remove charmed intermediate states are investigated by studying
the variation in the result with dierent requirements.
In order to determine relative branching fractions, it is necessary to account also for
the statistical uncertainty in the yield of the 0b ! (+)+c   normalisation channel.
The uncertainty on its branching fraction is included when converting results to abso-
lute branching fractions. The total systematic uncertainty is determined as the sum in
quadrature of all contributions.
{ 9 {
J
H
E
P
0
5
(
2
0
1
6
)
0
8
1
6 Branching fraction results
The relative branching fractions for the 0b decay modes are determined according to
B(0b ! h+h0 )
B(0b ! (+)+c  )
=
N(0b ! h+h0 )
N(0b ! (+)+c  )
 (
0
b ! (+)+c  )
(0b ! h+h0 )
; (6.1)
whereN denotes the yield determined from the maximum likelihood t to data, as described
in section 4, and  denotes the eciency, as described in section 3. For the 0b decay modes
the expression is modied to account for the fragmentation fractions f0b
and f0b
, i.e. the
probability that a b quark hadronises into either a 0b or 
0
b baryon,
f0b
f0b
 B(
0
b ! h+h0 )
B(0b ! (+)+c  )
=
N(0b ! h+h0 )
N(0b ! (+)+c  )
 (
0
b ! (+)+c  )
(0b ! h+h0 )
: (6.2)
Since f0b
is yet to be measured, the product of quantities on the left-hand side of eq. (6.2)
is reported.
The ratios in eq. (6.1) and eq. (6.2) are determined separately for each subsample, and
the independent measurements of each quantity are found to be consistent. The results for
the subsamples are then combined, taking correlations among the systematic uncertainties
into account, giving
B(0b!+ )
B(0b!(+)+c 
 ) = (7:3 1:9 2:2) 10 2 ;
B(0b!K+ )
B(0b!(+)+c 
 ) = (8:9 1:2 1:3) 10 2 ;
B(0b!K+K )
B(0b!(+)+c 
 ) = (25:3 1:9 1:9) 10 2 ;
f
0
b
f
0
b
 B(0b!+ )B(0b!(+)+c  )
= (2:0 1:0 0:8) 10 2 ;
f
0
b
f
0
b
 B(0b!K +)B(0b!(+)+c  )
= ( 0:1 0:8 0:4) 10 2 ;
where the rst quoted uncertainty is statistical and the second is systematic. The signif-
icances for the 0b ! + , 0b ! K+ , and 0b ! K+K  modes, including the
eects of systematic uncertainties on the yields, are 4:7, 8:1, and 15:8 respectively.
These are calculated from the change in log-likelihood, after the likelihood obtained from
the t is convolved with a Gaussian function with width corresponding to the systematic
uncertainty on the yield.
The relative branching fractions are multiplied by B(0b ! (+)+c  ) to obtain
absolute branching fractions. The normalisation channel product branching fraction is
evaluated to be (6:29 0:78) 10 5 from measurements of B(0b ! +c  ) [50], B(+c !
+)=B(+c ! pK +) [51] and B(+c ! pK +) [52].
As the likelihood function for 0b ! K+K  decays is not reliable, owing to the
absence of data in the signal region in the long reconstruction category, a Bayesian ap-
proach [53] is used to obtain an upper limit on the branching fraction of this decay mode.
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The 0b signal region, 5763 < m(h
+h ) < 5823 MeV=c2, is assumed to contain the Poisson
distributed sum of background and signal components. The prior probability distribution
for the signal rate is at, whereas the prior for the background rate is a Gaussian distribu-
tion based on the expectation from the maximum likelihood t, found by extrapolating the
combinatorial background component from the t into the signal region. Both of these prior
distributions are truncated to remove the unphysical (negative) region. Log-normal priors
are used for the normalisation mode yield, the signal and normalisation channel eciencies,
and all other sources of systematic uncertainty. The posterior probability distribution is
obtained by integrating over the nuisance parameters using Markov chain Monte Carlo [54].
For consistency, the same method is used to obtain upper limits on the branching fractions
of all modes which do not have signicant yields.
The results for the absolute branching fractions are
B(0b ! + ) = (4:6 1:2 1:4 0:6) 10 6 ;
B(0b ! K+ ) = (5:6 0:8 0:8 0:7) 10 6 ;
B(0b ! K+K ) = (15:9 1:2 1:2 2:0) 10 6 ;
f
0
b
f
0
b
 B(0b ! + ) = (1:3 0:6 0:5 0:2) 10 6 ;
< 1:7 (2:1) 10 6 at 90 (95) % condence level ;
f
0
b
f
0
b
 B(0b ! K +) = ( 0:6 0:5 0:3 0:1) 10 6 ;
< 0:8 (1:0) 10 6 at 90 (95) % condence level ;
f
0
b
f
0
b
 B(0b ! K+K ) < 0:3 (0:4) 10 6 at 90 (95) % condence level ;
where the last quoted uncertainty is due to the precision with which the normalisation
channel branching fraction is known.
7 CP asymmetry measurements
The signicant yields observed for the 0b ! K+  and K+K  decays allow mea-
surements of their phase-space integrated CP asymmetries. The simultaneous extended
maximum likelihood t is modied to allow the determination of the raw asymmetry, de-
ned as
ArawCP =
N corrf  N corrf
N corrf +N
corr
f
; (7.1)
where N corrf (N
corr
f
) is the eciency-corrected yield for 0b (
0
b) decays. The use of the
eciency-corrected yields accounts for the possibility that there may be larger CP violation
eects in certain regions of phase space, as seen in other charmless three-body b hadron
decays [19].
To measure the parameter of the underlying CP violation, the raw asymmetry has to
be corrected for possible small detection (AD) and production (AP) asymmetries, ACP =
ArawCP   (AP +AD). This can be conveniently achieved with the 0b ! (+)+c   control
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ACP (0b ! K+ ) ACP (0b ! K+K )
Control mode 66 57
PID asymmetry 20 {
Fit model 27 32
Fit bias 14 4
Eciency uncertainty 80 28
Total 110 71
Table 3. Systematic uncertainties on ACP (in units of 10 3).
mode, which is expected to have negligible CP violation. Since this mode shares the same
initial state as the decay of interest, it has the same production asymmetry; moreover,
the nal-state selection diers only in the PID requirements and therefore most detection
asymmetry eects also cancel. Thus,
ACP (0b ! h+h0 ) = ArawCP (0b ! h+h0 ) ArawCP (0b !
 
+

+c
 ) : (7.2)
The measured raw asymmetries, including the eciency correction for the signal modes,
for 0b ! K+ , 0b ! K+K , and 0b ! (+)+c   are determined by performing
the t with the data separated into 0b or 
0
b candidates, depending on the charge of the
p from the  ! p  decay. They are found to be ArawCP (0b ! K+ ) =  0:46  0:23,
ArawCP (0b ! K+K ) =  0:21  0:10 and ArawCP (0b ! (+)+c  ) = 0:07  0:07, where
the uncertainties are statistical only. The asymmetries for the background components are
found to be consistent with zero, as expected.
Several sources of systematic uncertainty are considered, as summarised in table 3.
The uncertainty on AP +AD comes directly from the result of the t to 0b ! (+)+c  
decays. The eect of variations of the detection asymmetry with the decay kinematics,
which can be slightly dierent for reconstructed signal and control modes, is negligible.
However, for the 0b ! K+  channel, a possible asymmetry in kaon detection, which
is taken to be 2 % [55], has to be accounted for. Eects related to the choices of signal
and background models, possible intrinsic t biases, and uncertainties in the eciencies
are evaluated in a similar way as for the branching fraction measurements. The total
systematic uncertainty is obtained by summing all contributions in quadrature.
The results for the phase-space integrated CP asymmetries, with correlations taken
into account, are
ACP (0b ! K+ ) =  0:53 0:23 0:11 ;
ACP (0b ! K+K ) =  0:28 0:10 0:07 ;
where the uncertainties are statistical and systematic, respectively. These are both less
than 3 from zero, indicating consistency with CP symmetry.
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8 Conclusions
Using a data sample collected by the LHCb experiment corresponding to an integrated
luminosity of 3 fb 1 of high-energy pp collisions, a search for charmless three-body decays
of b baryons to the + , K and K+K  nal states has been performed. The
0b ! K+  and 0b ! K+K  decay modes are observed for the rst time, and their
branching fractions and CP asymmetry parameters are measured. No evidence is seen for
CP asymmetry in the phase-space integrated decay rates of these modes. Evidence is seen
for the 0b ! +  decay, with a branching fraction somewhat larger than predicted
by theoretical calculations [22{24], and limits are set on the branching fractions of 0b !
+ , 0b ! K +, and 0b ! K+K  decays. These results motivate further studies,
both experimental and theoretical, into 0b and 
0
b decays to h
+h0  nal states.
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